Purpose To study the differences in protein expression profiles of follicular fluid (FF) between controlled ovarian hyperstimulation (COH) and natural ovulatory cycles. Methods Twelve infertile women undergoing in vitro fertilization and embryo transfer (IVF-ET), with matched clinical information, were retrospectively recruited in the IVF center of our university hospital, including six undergoing COH and another six with natural cycles. FF was sampled from dominant follicles with mature oocytes. Protein expression profiles in each FF sample were analyzed respectively using twodimensional gel electrophoresis. Differentially expressed proteins were identified using matrix-assisted laser desorption/ ionization time-of-flight mass spectrometry (MALDI-TOF MS) and validated by western blotting. Differentially expressed proteins were further analyzed using Ingenuity Pathway Analysis (IPA) software.
Introduction
Ovarian follicular growth is a process involving a complex exchange of hormonal signals between the hypothalamus-pituitary-ovarian axis and by a localized para/autocrine mechanism within the ovary involving the oocyte and its adjacent somatic cells. Many studies have aimed at unraveling the complex intraovarian control mechanisms that act in concert with systemic signals, to solve clinical problems, improve the outcome of assisted reproductive technology (ART) and establish the in vitro maturation system [1, 2] . Some progress has been obtained but the mechanism of follicular development is poorly understood, especially during controlled ovarian hyperstimulation (COH).
COH is routinely used to increase the numbers of oocytes ovulated and embryos produced in ART. However, it can affect oocyte maturation and subsequent embryo development. Artificial induction of ovulation with high doses of gonadotrophins has been demonstrated to decrease the viability of embryos and induce oocyte aneuploidy [3, 4] . In animal models, COH was shown to induce the incidence of aberrant methylation patterns in mouse two-cell embryos and the placenta [5] , and affect sperm methylation patterns in the second generation of offspring [6] . In humans, it has been reported that patients who produced triple pronuclear zygotes after intracytoplasmic sperm injection (ICSI) were high responders to ovarian stimulation [7] . Singleton pregnancies in infertile couples after ovarian stimulation had a higher risk of low birth weight when compared with naturally conceived offspring [8] . Other researchers have demonstrated that there were higher risks of birth defects and imprinted diseases in ART offspring [9] [10] [11] . A recent report showed that COH could lead to higher systolic blood pressure percentiles in 4-year-old children born following in vitro fertilization and embryo transfer (IVF-ET) [12] . Therefore, it is possible that COH might result in long-term impairments to the offspring, but the underlying mechanisms are unknown.
Increasing evidence suggests that systematic studies should be conducted to reveal the impact of COH on follicle development and oocyte maturation. The follicular fluid (FF), containing a wide variety of biologically active molecules, is the microenvironment of the oocyte during its development and maturation. FF originates from the circulation and from follicular secretions, which are the predominant products of metabolic processed within the follicle including the maturing oocyte and its surrounding somatic cells. The composition of FF might influence and/or be implicated with oocyte quality. Some human FF proteins have been shown to be correlated with oocyte maturation, fertilization outcome and embryo development [13] [14] [15] . Therefore, identification of specifically altered protein levels in FF during COH cycles might be helpful in determining the influence of COH on follicular and oocyte development, and to predict IVF outcomes.
Proteomics is defined as the large-scale study of proteins, modifications, complexes and interactions from a given cell line or organism [16] . High-resolution analysis of two-dimensional gel electrophoresis (2-DE) is a powerful approach to compare patterns of protein expression, and matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) can be utilized to identify protein spots on 2-DE gels [17] . Here we investigated protein expression profiles in FF from womenundergoing COH or natural cycles. We analyzed the physiological pathwaysinvolving the identified proteins with the ultimate aim of evaluating the effects of COH on folliculogenesis and IVF outcome.
Materials and methods

Patients
Twelve infertile women undergoing IVF-ET were retrospectively recruited in the Reproductive Center of a university affiliated hospital. The protocol was approved by the Institutional Review Board of the university, and informed consents were obtained from all participants. Women included in this study were less than 40 years of age, and had regular menstrual cycles (27-35 days) , a typical double phase basal body temperature and normal levels of serum prolactin. None had used any steroidal medicines in the past 6 months. Women with endometriosis, hyperprolactinemia or polycystic ovarian syndrome (PCOS) were excluded. The causes of infertility of these women were as follows: seven cases were associated with male infertility, and five involved male infertility combined with female tubal infertility. The cause of tubal infertility was Fallopian tube obstruction caused by infection such as pelvic inflammatory disease, and was evaluated by hysterosalpingography. The women were recruited according to different protocols, COH group (n=6) and a natural cycle group (n=6). Patients in the natural cycle group refused to accept gonadotrophins because they were afraid of the side effects on themselves and the potential risk on the offspring. There were no significant differences in age, basal serum follicle stimulating hormone (FSH) levels or body mass index (BMI) between the groups.
Protocol and collection of follicular fluid
In the COH group, patients were stimulated with recombinant FSH (rFSH, Serono, Geneva, Switzerland) after their pituitary glands were downregulated with gonadotropin-releasing hormone agonists (GnRH-a, Serono) according to the long stimulation protocol. When ultrasonography showed that the diameter of the leading follicle reached 18 mm, or the mean diameter of three leading follicles reached 16 mm, stimulation was stopped. A total of 10,000 IU of urinary human chorionic gonadotrophin (uhCG, Serono) was administered 36 h before follicular aspiration.
Women in the natural cycle group were not treated with medications to stimulate ovaries or to block the spontaneous luteinizing hormone (LH) surge. Transvaginal ultrasound scans were used daily to monitor the follicular size, endometrial thickness and ovarian morphology from day 8 of the menstrual cycle. Serum hormone levels of estradiol, LH and progesterone were measured daily when the dominant follicle reached 12 mm in diameter. When it reached 16 mm, serum LH was examined every 12 h. When a serum LH surge was detected (>30 IU/L), ultrasound-guided transvaginal oocyte retrieval was performed 14-28 h later.
Clear FF without macroscopic blood contamination was collected from dominant follicles with transvaginal ultrasound-guided puncture by negative pressure using a vacuum aspiration pump. In the COH group, only the fluid from the first aspirated follicle of each patient was carefully collected to avoid blood contamination. Only those FF samples from follicles in which a metaphase 2 oocyte was identified were used in this study. The FF samples were centrifuged at 1300 g for 10 min at 4°C, and stored at −70°C prior to assay.
IVF outcome
In the natural cycle group, 4 of 6 oocytes were fertilized and all the 4 fresh embryos were transferred. Eventually, one woman was pregnant and had a live birth. In the COH group, the oocytes were not treated individually in the IVF laboratory, so the evaluation of fertilization of the oocytes from the sampled follicles could not be investigated. Totally 12 embryos were transferred in the 6 cycles and resulted in 2 clinical pregnancies and 2 live births.
Sample preparation
In order to enhance detection of low-abundance proteins from FF, each sample was processed respectively using Aurum Serum Protein Mini Kits (Bio-Rad, Hercules, CA, USA) to deplete albumin and immunoglobulin G (IgG) prior to the 2-DE [18] . As recommended by the manufacturer, 60-μL aliquots of FF samples were diluted 4-fold with the binding buffer provided in the kit, and sonicated. Two hundred microliters of diluted sample were applied to the column, and vortexed. The column was then incubated for 5 min. Vortexing and incubation were repeated three times. After these steps, the column was centrifuged at 10,000 g for 20 s. The unbound protein fraction was collected by washing the column again with 200 μL binding buffer, and the supernatant containing the albumin-and IgG-depleted FF sample was now ready for 2-DE [19] .
2-DE and image analysis
Twelve FF samples were analyzed retrospectively and then compared; 2-DE was performed according to the published procedure described by Liu AX et al. [20] . Briefly, 450-μg aliquots of FF proteins were applied to immobilized pH 4-7 nonlinear gradient strips (18 cm, Amersharm Bioscience, Uppsala, Sweden), and the strips were rehydrated and focused as previously described [19] . The second-dimensional separation was performed in 12.5 % polyacrylamide gels. For compatibility with mass spectrometry, we omitted the glutaraldehyde fixation and sensitization steps in the silver staining protocol [21] . Silver-stained gels were scanned using a Bio-Rad GS-800 imaging densitometer (Bio-Rad, Hercules, CA), and image analysis was carried out using PDQuest (Version 7.1.1; Bio-Rad) as described before [20] .
Protein identification and data analysis
Excised protein spots were decolorized, digested and extracted as Liu AX et al. described [17] . Peptide samples were analyzed using a Bruker-Daltonics AutoFlex TOF-TOF LIFT Mass Spectrometer (Bruker Daltonics, Bremen, Germany), and the peptide mass fingerprint data were searched by BioTools 3.0 software on MAS-COT (V2.1, Matrix Science, UK) for protein identification as described [20] . Proteins matching more than four peptides and with a MSCOT score >64 were considered significant (P<0.05). Proteins with a minimal 1.5-fold change between groups and P < 0.05 were considered significantly differentially expressed, and analyzed using the Ingenuity Pathway Analysis (IPA) software (QIAGEN, Redwood City, CA, USA). Networks of these proteins were generated algorithmically based on their connectivity.
Analysis of alpha-1-antitrypsin (AAT), complement component C3 (C3), transferrin and haptoglobin in FF
The AAT levels in FF were measured by western blotting as described by Wu YT et al. [13] . Briefly, 1.0 mL of FF was diluted in PBS and electrophoresed using 12 % sodium dodecylsulfate polyacrylamide gelelectrophoresis (SDS-PAGE). The separated proteins were transferred onto nitrocellulose membranes, and incubated with an anti-AAT antibody (1:500, Santa Cruz, CA, USA) and anti-goat immunoglobulin G (1:5000, Zhongshan Biotechnology, Beijing, China) for western blotting. The FF levels of C3, transferrin, and haptoglobin were measured by quantitative nephelometry, using an automated biochemical analyzer (Beckman Instruments, Brea, CA, USA).
Statistical analysis
Clinical and experimental data were subjected to Student's ttests using SPSS for IBM Statistics version 20 (IBM Corp., Armonk, NY, USA). Only proteins that demonstrated significant and consistent changes (increased or decreased) were used for further bioinformatics analysis. Right-tailed Fisher's exact tests were used by the IPA to calculate P-values and identify statistically significant pathways and networks associated with proteins identified in the study. For all analyses, significance was set at P<0.05.
Results
2-DE analysis of proteins in FF
The proteins of FF were separated by 2-DE in the pH range of 4-7 as shown in Fig. 1 . Compared with the natural cycle group, 13 protein spots from the FF in the COH cycle group were significantly decreased or increased ≥1.5-fold. The relative volumes of these spots and the spot volume ratios between the two groups are shown in Table 1 . Among these 13 proteins, 11 were upregulated, and two proteins were downregulated as determined by spot volume (Fig. 1) . Figure 1a shows 13 marked protein points in the FF of natural cycles, and Fig. 1b shows the marked corresponding proteins and changing tendencies by arrows. The 13 protein spots were excised from the gels and subsequently analyzed by MALDI-TOF MS. Using the resultant spectra, we successfully identified eight of 13 differentially expressed protein spots (Table 2) , which included AAT, haptoglobin, transferrin, C3, Zn-alpha-2-Glycoprotein (ZAG), transthyretin, leucine-rich alpha-2-glycoprotein (LRG), and Fibrinogen γ. As shown in Table 2 , the spot number refers to the labels in Fig. 1 . The remaining five protein spots were not identified as no satisfactory spectra could be obtained. Fig. 2a and b shows the levels of haptoglobin, transferrin and C3 in FF from the COH and natural cycle groups. Consistent with the results of 2-DE, the expression levels of these four proteins in FF were significantly higher in the COH group than those in the natural cycle group.
Bioinformatics analysis
To determine the major pathways, biological functions and protein networks related to the eight differentially expressed proteins identified in the COH FF, we performed functional enrichment analysis using IPA software. We revealed a statistically significant network (p=10 −24 ), involved in the humoral immune response and inflammatory responses (Fig. 3) . This network has all of the identified differential expressed proteins as central nodes.
Further assessment of the differentially expressed proteins (Fig. 4) revealed several canonical pathways primarily associated with a variety of biological processes, including acute phase response signaling (p=1.58×10 ), intrinsic prothrombin activation pathway (p=1.23×10
−2 ), complement system (p=
), thyroid hormone receptor (TR/RXR) activation (p=3.72×10 (Fig. 4) . More detailed analyses for functional subcategories revealed proteins enriched in disease and disorder (Fig. 5a ), molecular and cellular functions (Fig. 5b) , and physiological system development and functions (Fig. 5c) . According to overlapping p-values, the top 10 subcategories of the 'Disease and Disorder' class included neurological disease, organismal injury and abnormalities disorder, respiratory disease, metabolic disease, psychological disorders, hereditary disorders, skeletal and muscular disorders, endocrine system disorders, gastrointestinal diseases, and connective tissue disorders (Fig. 5a ). The top 10 subcategories of the 'Molecular and Cell Functions' class included cellular function and maintenance, free radical Data are presented as the mean ± SEM and were compared using Student's t test scavenging, cell-to-cell signaling and interaction, molecular transport, cellular movement, cellular compromise, cell death and survival, cell signaling, small molecule biochemistry, and lipid metabolism (Fig. 5b) . The top 10 subcategories of the Physiological System 'Development and Functions' class included organ morphology, reproductive system development and function, embryonic development, tissue development, hair and skin development and function, renal and urological system development and function, hematological system development and function, immune cell trafficking, tissue morphology, and nervous system development and function (Fig. 5c) .
Discussion
In the present study, we found 11 upregulated proteins and two down-regulated proteins in the FF from COH cycles, compared with the FF obtained during natural cycles. We successfully identified 8 proteins: AAT, ZAG, TTR, C3, LRG, Fibrinogen γ, haptoglobin and transferrin. Some previous studies have performed proteomics analysis on FF.
Fahiminiya et al. found three proteins that were associated with the preovulatory LH surge in canine FF [22] . Kushnir et al. identified 13 proteins from the FF that were respectively unique to women with viable pregnancy, miscarriage, or no pregnancy, thence suggested these FF proteins could be noninvasive markers for assessment of oocytes viability [14] . The present study identified proteomic differences in the FF between COH and natural cycles in women undergoing IVF-ET, and has provided new insights into the impact of exogenous gonadotrophins on the follicular milieu. The main characteristic of COH cycle is the high exposure to estradiol by the gamete/embryo. A recent study showed that a supraphysiological maternal estradiol environment was correlated with an increased risk of low birth weight and smallfor-gestational age neonates [23] . Moreover, many studies have shown that the developmental potential of oocytes obtained from natural cycles is better than those from COH cycles [24, 25] . However, the underlying molecular mechanisms remain elusive.
According to our bioinformatics analysis, the functions of differentially expressed proteins in COH FF emerging from the generated network were centered on the humoral immune and inflammatory responses, and most proteins in the network Fig. 2 a Western blot analysis of α 1 -antitrypsin levels in the FF from COH cycles and natural cycles. b Rate nephelometry analysis of complement C3, haptoglobin and transferrin concentration in FF. *P<0.05 and **P<0.01 versus control were upregulated. The functional enrichment analysis revealed that the differentially expressed proteins were mainly associated with embryonic development, organismal injury and free radical scavenging. It is widely accepted that the ovulatory process is a hormone-induced inflammatory process [26] . Our results are consistent with a previous study demonstrating that COH potentiates a state of systemic inflammation [27] , and might injure follicular cells. Similarly, excessive Fig. 3 Network of proteins involved in humoral immune and inflammatory responses. The network was generated using proteins differentially expressed in COH FF versus natural cycles. Red nodes indicate upregulation, and green node color indicates downregulation of differential proteins Fig. 4 Significant canonical pathways associated with differentially expressed proteins identified in COH FF samples versus natural cycles. The P-value was calculated using the righttailed Fisher's exact test. Bars represent − log (P-value) for significance ovarian stimulation has been demonstrated to induce aberrant expression of FF proteins, such as C3, associated with inflammation, iron transport and storage, blood coagulation, and innate immunity in women who developed ovarian hyperstimulation syndrome [28] . In this study, the increased levels of C3 and ZAG in the COH FF suggest that the patients might have had aberrant immune and inflammatory responses during the cycle. The level of C3 in FF has been found to be lower in the women undergoing IVF-ET with a live birth than that in the women with a failed pregnancy [29] . On the other hand, a high follicular level of ZAG was associated with failed pregnancy of the women undergoing IVF-ET [14] . ZAG is one of the most abundant proteins in human FF [30] , and plays a role in immune modulation during the follicular development. The levels of ZAG in FF were correlated with the concentrations of steroids in FF [14] . The upregulated C3 and ZAG, representing enhanced immune response, might be concerned with the negative effect of COH on IVF outcome.
In this study, we revealed 10 significant canonical pathways that involved the differentially expressed proteins identified in the COH FF, including acute phase response signaling, LXR/RXR activation, the blood coagulation system, clathrin-mediated endocytosis signaling, the extrinsic prothrombin activation pathway, the intrinsic prothrombin activation pathway, the complement system, TR/RXR activation, role of pattern recognition receptors in recognition of bacteria and viruses, and the role of tissue factors in cancer. Most of the pathways identified in our study have also been reported by Kushnir et al. [14] . They tried to identify the differentially expressed proteins that could predict IVF-ET outcome as biomarkers. They found that inhibition of the complement system in oocytes was required for maintaining the viability of oocytes, and the lack of this inhibition might lead to miscarriage because women who miscarried showed a significantly higher activity of complement system than those with a live birth [14] . Here, we also found that the activity of complement system in COH FF was higher than that in the natural cycle FF, which might impair the outcome of IVF-ET. Fibrinogen is one of the acute-phase proteins, involved in maintaining early pregnancy maintaining. A previous study reported that a decreased levele of fibrinogen in FF was associated with recurrent abortion [31] . In the present study, we demonstrated a significantly increased level of fibrinogen in COH FF, suggesting that ovarian stimulation for IVF might create a state of hypercoagulability [32] . However, the effect of high level of FF fibrinogen on the IVF outcome needs to be investigated further.
It is known that AAT in the FF is not synthesized by the follicle, but arises from the circulation [33] . AAT is a kind of protease inhibitor that is supposed to finely regulate the balance of protease and anti-protease activities in the FF during follicular maturation and ovulation. Inactivation of ATT might disrupt this balance of proteolysis/inhibition-to-proteolysis, and lead to premature follicular rupture and oocyte release. Thus, AAT exerts a key role in follicular maturation and the control of mature oocyte release [34] . The FF level os AAT was increased in patients with PCOS [35] . More importantly, the AAT level in FF has been regarded as a key indicator of oocyte maturity. FF from follicles with immature oocytes showed a higher level of AAT than FF from those with mature oocytes [36] . The fertilization rate of oocytes from FF with low AAT concentrations was also significantly higher than that of oocytes from FF with high AAT concentrations [37] . Meng et al. has found that COH reduced the fertilization rate of oocytes [38] . The higher AAT concentrations in FF from the women during the COH cycle suggest that this might inhibit oocyte maturation, and could be a cause of the reduced fertilization rate in such patients.
Transferrin, mainly synthesized in the liver, is responsible for transporting iron. The main source of FF transferrin is from the blood circulation, and the concentration of transferrin in FF is usually higher than that in serum [39] because transferrin is also locally synthesized by granulosa cells [40, 41] . Transferrin was found to inhibit progesterone production and FSHstimulated aromatase activity of granulose cells [42, 43] .
During follicular development, the levels of iron and transferrin in FF are gradually increased to support the growth and maturation of oocytes. Immunohistochemical studies showed that the levels of transferrin and its receptor in mature follicles were significantly higher than in immature follicles [41] , suggesting that endogenous transferrin may play a role in follicular maturation [44] . A previous study demonstrated that transferrin levels were upregulated in FF from the patients with PCOS [35] . Our data showed that COH significantly raised the FF transferrin level, which might be partly because of the increased need for iron caused by multiple dominant follicles. However, this assumption lacks evidence and needs to be validated by further investigation. An intermediate range of FF transferrin level was associated with the highest likelihood of oocyte fertilization [45] . Thus, increased FF transferrin levels in FF might impair the quality of oocytes in COH cycles.
What implications can be drawn from this study? In recent years, unstimulated cycles or COH with a low stimulation dose are increasingly being recommended by reproductive specialists. Natural cycles and mild stimulation cycles are cost-effective and show a low risk of complications such as ovarian hyperstimulation syndrome,while the pregnancy rates per embryo transfer remain acceptable [24] . Especially, mild protocol has been proven to obtain a comparable IVF outcome as long protocol for patients with expected poor ovarian response [46] . In this small sample study, the IVF outcomes in the COH group seem better than those in the natural cycle group, which is possibly due to more retrieved oocytes and lower rate of cancelled cycles. But the pregnancy rate per embryo transfer (25 %) was still acceptable in the natural cycle group. Our study supports previous results showing that COH significantly altered the follicular endocrine milieu and reduced oocyte quality [47] . The present investigations provide new evidence for the emerging trend towards reduced use of gonadotrophins.
In conclusion, using a proteomic approach we successfully identified eight differentially expressed proteins in the FF from women undergoing COH. These proteins are associated with oocyte maturationand the immune and inflammatory responses. These results partly reveal the effect of ovarian stimulation on the follicular milieu. The aberrant protein profiles indicate that aggravated immune and inflammatory responses might play important roles in adverse effects of COH on oocyte vitality, and may contribute to the poor IVF-ET outcome. Further investigations such as oocytes matured in vitro are required to determine the precise effect of these proteins on oocytes.
